Drinking water scarcity is a major issue that needs to be addressed seriously. Water needs to be purified from organic pollutants and bacterial contamination. In this study, sunlight driven photocatalysis for the degradation of dyes and bacterial inactivation has been conducted over TiO 2 nanoparticles (CST) and TiO 2 nanobelts (CSTNB). TiO 2 nanoparticles were synthesized by a solution combustion process using ascorbic acid as a fuel. Acid etched TiO 2 nanobelts (CSTNB) were synthesized using combustion synthesized TiO 2 as a novel precursor. The mechanism of formation of TiO 2 nanobelts was hypothesized.
Introduction
Recent human activities have drastically increased environmental pollution, which exhibits a negative impact on clean water availability. The release of toxic wastes into rivers and streams not only increases the demand for clean water but also for sustainable technology for water purification. Water-borne epidemics still occur in many parts of the world. 1 Various filtration and disinfection technologies are available to provide clean water; however, they also have several disadvantages. Conventional water disinfection systems such as chlorination etc. produce hazardous disinfection byproducts. The microbes also tend to develop resistance towards these disinfection methods. Water purification systems such as adsorption and filtration do not result in the destruction of these pollutants. Therefore, studies are focused on advanced oxidation processes as an alternative water treatment technique to purify polluted water. The advanced oxidation process is basically generation of highly reactive radical species that subsequently results in the degradation of organic pollutants. 2 Due to the rapid growth of nanotechnology, several nanomaterials are engineered for these advanced oxidation processes including microbial disinfection. 3 Among them, TiO 2 is used widely because of its abundance and non-toxicity. TiO 2 has been widely tested for its activity against a variety of pathogens 4 and towards organic contaminants. 5, 6 In addition to TiO 2 , titanium phosphates have also been used for catalytic degradation of dyes and organic compounds. 7, 8 Various methods such as aerosol, 9 hydrothermal, 10 ,11 inert-gas condensation 12 and sol-gel 13 have been used to synthesize TiO 2 . However, all these techniques have their limitations. TiO 2 synthesized using the aerosol method tends to aggregate because of high temperature, while TiO 2 synthesized using the solgel technique requires utilization of multiple solvents with many laborious steps. TiO 2 synthesized by the inert gas condensation technique requires high vacuum which makes the technique much costlier. The synthesis by the hydrothermal method requires several post synthesis processing steps that make the technique difficult.
The synthesis of TiO 2 using a solution combustion method is easier, faster and efficient compared to other methods 14, 15 offering nanoparticles with lower band gap and high activity towards degradation of organic contaminants and killing pathogens. 16 Though there are various techniques to synthesize TiO 2 , its properties depend on crystal structure, size, dimension and morphology. 17 Photocatalysis of organic contaminants using natural sunlight 8, 18, 19 rather than artificially powered lights have more advantage in reducing the cost, process and also utilizing both visible and ultraviolet regions of the light spectrum. Many recent reports on extending the absorption of light towards the visible region using the catalysts have shown promising results. [20] [21] [22] [23] [24] [25] If there is no significant visible light absorption, increasing the photoactivity by just controlling the morphological features can also be given equal importance. Considering various morphologies, the nanobelt structure of TiO 2 is of great interest for photocatalysis. 26, 27 These nanobelts are synthesized by reacting TiO 2 with a high alkaline solution at low temperature and high pressure. These nanobelt structures are utilized as substrates for making heterostructures combined with other oxides in order to engineer its bandgap and increase the activity. 28, 29 Besides photocatalysis, these nanobelt structures of TiO 2 have been used for developing sensors and antibacterial applications. 30, 31 In this report, we have prepared TiO 2 by a solution combustion method using ascorbic acid as a fuel. To the best of our knowledge, this is a novel study to report combustion synthesis using ascorbic acid as a reducer and synthesis of TiO 2 nanobelts using combustion synthesized TiO 2 as a precursor. The photocatalytic activities of the two compounds synthesized have been evaluated by degrading dyes and evaluating their antibacterial activity. The degradation and antibacterial properties of combustion synthesized TiO 2 and combustion synthesized TiO 2 derived nanobelts have been compared with commercial TiO 2 (Degussa-P25) and nanobelts synthesized from commercial TiO 2 .
Experimental

Materials
Titanium iso-propoxide (497% purity) was purchased from Sigma-Aldrich (USA). L-Ascorbic acid-LR, methylene blue, methyl orange were purchased from SD fine chemicals Ltd. (India). Commercial TiO 2 was obtained from Evonik. Sodium hydroxide, sulphuric acid (98%), hydrochloric acid (35%) and nitric acid (69%) were purchased from Merck (India). Luria nutrient broth and nutrient agar were purchased from Hi Media (India). Double distilled Millipore water was used for all the experiments.
Catalyst synthesis
2.2.1. TiO 2 synthesis by the solution combustion process. Combustion synthesized TiO 2 (CST) was prepared according to the reports 14 with a modification in the choice of fuel. Initially, titanium iso-propoxide was dissolved in ice-cold water to get a white precipitate which is TiO(OH) 2 . 1 : 2 nitric acid (by volume) was used to dissolve the white precipitate to obtain a transparent solution of titanyl nitrate. A known concentration of titanyl nitrate was mixed with a stoichiometric amount of L-ascorbic acid to maintain an equal molar ratio of oxidizer to fuel. The combustion reaction is as follows:
A smoldering type of combustion occurred when the combustion mixture was kept at 350 1C in a preheated furnace for 15 min. The resultant product was ground finely using a mortar and pestle to obtain a pale yellow colored powder. 
Catalyst characterization
X-ray diffraction spectra were obtained using a Rigaku diffractometer using Cu-Ka radiation with a scan rate of 11 min À1 in the 101-801 scan range. Scanning electron microscopic images were captured using ULTRA55 FESEM, Carl Zeiss. Catalyst particles were dispersed in absolute ethanol and sonicated for 10 min. These dispersed samples were drop-casted on silica wafers which were stuck to carbon tape on a SEM aluminium stub. Prepared samples were kept under vacuum for 12 h; samples were gold sputtered using Quorum sputtering before imaging. Transmission electron microscopic pictures were acquired using Tecnai T20 operated at 180 kV. Samples for TEM analysis were prepared by dispersing particles in iso-propanol and ultrasonicated for 10 min before drop casting on copper grids. The grids were maintained under vacuum for 24 h before subjecting them for imaging. Band gap measurements were done using a solid state UV-visible spectrophotometer (Perkin Elmer, Lambda 35). Absorbance measurements for photocatalysis experiments were analyzed using a UV-visible spectrophotometer (Shimadzu-UV 1700). Catalyst particles were regenerated at 120 1C for 2 h for BET surface analysis using Nova-1000 Quantachrome. The photoconductivity experiments were carried out using ITO coated electrode substrates and a class 3A solar simulator. The solar simulator consists of a 450 W xenon lamp with an Oriel Sol 1.5 air filter. The catalyst samples were drop casted between ITO electrodes.
Photocatalysis
2.4.1. Photochemical reactor. As a preliminary experiment, initially the catalysts were used to perform degradation of methyl orange in the presence of 125 W mercury vapor lamp (l max = 365 nm). Unless stated otherwise, all of the photocatalytic and antibacterial experiments were carried out in 100 ml quartz reactors under solar light. All the experiments were conducted under direct sunlight between 11:00 am and 2:00 pm, when the solar intensity fluctuations are minimal and the intensity was B975 W m
À2
. The reaction mixture was stirred vigorously using a magnetic stirrer and samples were taken from the reactor at specific intervals for absorbance measurements. Control experiments were done in the dark to measure the adsorption of the dye over catalyst particles.
2.4.2. Dye degradation. Photocatalysis was carried out using 10 ppm aqueous solution of methylene blue and methyl orange. The catalyst concentration was maintained as 1 g l À1 for all the experiments. Initially, all the catalyst particles were suspended in the dye solution and kept in the dark for 2 h in order to achieve stable absorption-desorption equilibrium. At regular intervals, samples were collected from the reactor and centrifuged at 5000 rpm for 5 min to separate catalyst particles from the solution and subjected to absorbance measurements using a UV-visible spectrophotometer. All the solar experiments were repeated three times unless stated otherwise.
Antibacterial evaluation.
A bacterial culture of wild type Escherichia coli was prepared using a liquid nutrient broth. Before that, the liquid nutrient broth, nutrient agar solutions and all other accessories such as L-rods, Petri plates, micro tips etc. were autoclaved. Initially, the bacterial culture was subjected to centrifugation at 5000 rpm for 10 min to separate bacterial cells as a pellet. The pellet was re-suspended in a phosphate buffer saline (PBS) solution in order to maintain the concentration of the bacteria. Similarly, an autoclaved nutrient agar solution was poured equally in all Petri plates and kept for some time inside the laminar hood for solidification. Dark experiments were conducted with 0.25 g l À1 catalyst and bacterial culture alone without keeping the reactor under solar irradiation. Later, catalyst particles were added into a fresh bacterial suspension and subjected to solar radiation. To measure the antibacterial activity, aliquots of suspensions were taken at specific intervals. 100 ml of serially diluted aliquots were spread onto nutrient agar plates that were prepared already and incubated at 37 1C overnight. The experiment was further repeated and the bacterial colonies grown on the agar plates were counted and then evaluated.
Result and discussion
Characterization
The powder X-ray diffraction pattern of combustion synthesized TiO 2 and acid etched TiO 2 nanobelts is shown in Fig. 1 It is known that low temperature combustion synthesis of TiO 2 results in the formation of pure anatase phase. 14, 15 However, the synthesized product with ascorbic acid as a fuel has shown the possibility of formation of a rutile phase that has been noticed at a 2y value of 36.01 and 54.21 (JCPDS No: 00-001-1292). It has been reported that TiO 2 synthesized using titanyl nitrate and ascorbic acid in 5 : 3 molar ratio resulted in a pure anatase phase. 33 However, if the stoichiometric ratio becomes 2 : 1, the rutile phase co-exists with anatase. The X-ray diffraction pattern of acid etched TiO 2 nanobelts shows a huge peak that corresponds to anatase (JCPDS No: 00-004-0477) and also a small adjacent peak at 27.61 corresponding to rutile (JCPDS No: 00-001-1292).
UV-vis diffuse reflectance spectra of combustion synthesized TiO 2 and acid etched TiO 2 nanobelts are shown in Fig. 2 . The combustion 
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synthesized TiO 2 shows significant absorption at 400-500 nm. The band gap of combustion synthesized TiO 2 is lower compared to the other two catalysts because the combustion synthesis involves generation of adventitious carbon to the TiO 2 and hence that red shifts the absorption spectra of light. 14 The band gap was calculated using the Kubelka-Munk equation and was found to be 2.98 eV, 3.13 eV and 3.20 eV for combustion synthesized TiO 2 , acid etched TiO 2 nanobelts and commercial grade TiO 2 Degussa P-25 respectively. Since the catalysts show a strong absorption in the UV region, utilization of natural solar energy is also feasible rather than experimenting photocatalysis under an artificial UV source. The mechanism of formation of partially etched TiO 2 nanobelts can be proposed as follows. When the TiO 2 precursor is reacted with high caustic concentration, Ti-O-Ti bonds would break and again reassemble through edges. 34 Later, the Ti-O-Ti bond becomes Ti-O-Na bonds. Many such units assemble together and form dimers. These dimers condense with each other and form belt like structures. 35, 36 During an ion exchange reaction between the layered sheets of sodium titanates and hydrochloric acid, sodium titanate is converted into hydrogen titanate. Corrugated or etched structures of these belts were obtained by reacting hydrogen titanate under acid hydrothermal conditions. The protionic species in sulphuric acid reacts with the hydrogen titanate belt structure to form Ti 4+ ions in the reaction mixture. These ions tend to get hydrolyzed on the surface of existing belt structures through heterogeneous nucleation resulting in the formation of a large number of etched surfaces. 29 Since combustion synthesized TiO 2 is used as a precursor for the first time, we hypothesize that the raw material has been partially etched causing some of the belts to get etched completely forming bits and pieces of TiO 2 islands leaving behind etched surfaces as shown in Fig. 3 . The scanning electron microscopic images show pristine hydrogen titanate belts with many inherent voids. Fig. 4 (a) and (b) shows a wide distribution of nanobelts and the particle islands on top of them. The combustion synthesized TiO 2 nanoparticles are 10-15 nm in size and spherical in shape. The size of the TiO 2 nanobelts was found to be in the range of 100-300 nm. The surface area for combustion synthesized TiO 2 and titanate nanobelts were found to be 120 m 2 g À1 and 35 m 2 g À1 respectively.
Though a number of voids have formed in the belt structure, there was no significant increase in the surface area of the nanobelts. However, after the acid etching process, the surface area of TiO 2 nanobelts increased to 72 m 2 g
À1
. After acid etching, several TiO 2 islands and separate particles formed on the existing belt structures and on the partially etched structures; this could have contributed to the increase in surface area. 29 The transmission electron microscopic image of acid etched TiO 2 nanobelts (Fig. 5b) shows the presence of oxidation induced void formation. The d-spacing of the rutile phase was not clearly distinguishable whereas it was found to be 0.35 nm for combustion synthesized TiO 2 and acid etched TiO 2 nanobelts.
The particle size of combustion synthesized TiO 2 is very small and highly nanocrystalline compared to that of P25. It also consists of a lot of adventitious carbon. From the X-ray diffraction pattern, the combustion synthesized TiO 2 , using ascorbic acid as a fuel, consists almost equal composition of anatase and rutile. Similarly, the surface area of combustion synthesized TiO 2 is very high compared to that of P25 because of its high porous nature. Therefore, the structural and morphological properties of the nanobelts vary significantly with respect to change in precursor TiO 2 .
37 Due to the above reasons, combustion synthesized TiO 2 developed many defects which became further easier to form unique multiple etched TiO 2 islands during acid hydrothermal treatment. Hence, it can be proposed that utilizing highly porous combustion synthesized TiO 2 instead of commercial P25 results in the development of high photoactive TiO 2 nanobelts. The photoluminescence spectra for combustion synthesized TiO 2 and acid etched nanobelts are shown in Fig. 6 . The photoluminescence spectra were recorded by exciting the sample at 325 nm. The combustion synthesized TiO 2 exhibited high PL intensity compared to the TiO 2 nanobelts. Basically, the photoluminescence emission of anatase TiO 2 might be due to different reasons such as surface states, 38 presence of oxygen vacancies 39 and self-trapped excitons. 40 However, the combustion synthesized TiO 2 exhibits both anatase and rutile phases. The recorded PL spectra could arise from both anatase and rutile properties of TiO 2 . The emission at 425 nm can correspond to intrinsic states of TiO 2 which is close to 412 nm 41 and not surface states. The peak at 525 nm can be correlated to oxygen vacancies. 39, 42 Oxygen vacancies tend to be helpful in the photocatalytic dye degradation process. However, oxygen vacancies on the (110) rutile phase of TiO 2 have been shown to exhibit an inhibitive effect on the photocatalytic effect.
The unpaired electrons at the oxygen vacancy sites tend to combine with the photo-excited holes at the surface. 43 Hence, The particles on the nanobelt lead to formation of (4) and particles on etched nanobelts to (5) . The final product (6) consists of both (4) and (5).
combustion synthesized TiO 2 has many oxygen vacancies but also it consists of a significant rutile phase which could probably lead to a high intensity of photoluminescence.
However, the photoluminescence intensity was less for acid etched TiO 2 nanobelts suggesting that a higher recombination occurred for combustion synthesized TiO 2 and it is prevented View Article Online in acid etched TiO 2 nanobelts, which is also supported by photo-conductivity analysis.
The intensity of electron counts with respect to binding energy was plotted for carbon, oxygen and titanium elements using X-ray photoelectron spectroscopy analysis. Fig. 7 (a) and (b) show the XPS spectra for Ti-2p of TiO 2 nanobelts and combustion synthesized TiO 2 respectively. The peak at 458.7 eV and 457.7 eV (2p 3/2 ) corresponds to the Ti 4+ and Ti 3+ state of TiO 2 respectively. The Ti-2p XPS spectra of combustion synthesized TiO 2 , as shown in Fig. 7(b Conductivity studies were carried out to measure the photocurrent generated during the experiment. The photocurrent was measured at 0 V and by radiating the light from a solar simulator using a 2420 Keithley source meter. Fig. 8 shows the photocurrent measured with respect to the on and off switch cycles of light irradiation. The measured photocurrent was steady throughout the on and off cycles of light irradiation. The photocurrent response of TiO 2 nanobelts was higher compared to commercial TiO 2 , indicating that the TiO 2 nanobelts utilize the illuminated light to the maximum extent. Even after switching off the light irradiation, the TiO 2 nanobelt sample exhibited residual current that could be due to trapped charges having extended life time. 49 
Catalysis
The photocatalytic performance of these materials was evaluated by degrading organic dye molecules under direct sunlight irradiation. Fig. 9 (a) and (b) show the degradation profiles of anionic (methyl orange) and cationic (methylene blue) dyes with these catalysts and this is compared to standard commercial grade TiO 2 , Degussa P-25. The blank experiments were conducted in the absence of sunlight, where the catalysts were experimented for their adsorption abilities. The as prepared combustion synthesized TiO 2 adsorbed around 15% of the initial concentration of methylene blue and methyl orange, respectively. The acid etched TiO 2 nanobelts and Degussa P-25 showed negligible dye adsorption. The photocatalytic efficiency of the as prepared combustion synthesized TiO 2 is similar to that of commercial TiO 2 for both the organic dyes. The acid etched TiO 2 nanobelts showed a much higher photocatalytic activity for both the dyes. The degradation of the dyes by the catalyst was analyzed by plotting C/C 0 with time.
The above expression is the kinetic equation that governs the photocatalytic degradation, where C 0 and C are the initial concentration and final concentration of the dye at time 0 and t respectively. k is the apparent first order rate constant. ln(C/C 0 ) versus time was plotted to determine the k value from the slope. The k values of all the catalysts are tabulated in Table 1 .
From the kinetic plot, as shown in Fig. 9(c) and (d) The catalysts were also used to degrade methyl orange under an illuminated UV source. The degradation profile and kinetics of methyl orange photocatalysis are shown in Fig. 9(e) and (f) . The rate of methyl orange degradation was slightly higher than the degradation rate under solar irradiation. This could be due to maximum spectral irradiance between 350 and 400 nm of light spectra where the band gap of catalysts exists and also only 2-5% of sunlight comprises UV light. Similarly, the photon energy of UV radiation from artificial lamps is higher than that of solar radiation. However, it has to be emphasized clearly that solar irradiation is abundant, sustainable, inexpensive and renewable. Hence, utilization of sunlight for catalysis is much favored. Similarly the photocatalytic activity of nanobelts derived from commercial Degussa P-25 was determined. The synthesized P25 nanobelts were also acid corroded. Both the P25 nanobelts and acid corroded P25 nanobelts were used to degrade methyl orange under solar irradiation and compared with acid etched combustion synthesized TiO 2 derived nanobelts. Fig. 9(g) shows the degradation profile of methyl orange using P25 nanobelts under solar radiation. It can be found that the photocatalytic degradation of the dyes by acid etched TiO 2 nanobelts was very higher compared to combustion synthesized TiO 2 and commercial TiO 2 nanoparticles and nanobelts. Efficient charge separation because of island -belt heterostructures and majority active phase exposure could be possible reasons for the enhanced photoactivity exhibited by acid etched TiO 2 nanobelts.
The nanobelts synthesized from P25 show a lower photocatalytic activity than pristine P25. This is because the surface area of P25 particles is 52 m 2 g À1 but it is 32 m 2 g À1 for P25
nanobelts. Furthermore, P25 particles form a thorough and good homogeneous dispersion in a dye solution compared to nanobelt structures. Therefore, better dispersion and higher surface area of P25 nanoparticles compared to P25 nanobelts contribute to its better photocatalytic activity. 3.2.1. Photocatalytic antimicrobial activity. The bacterial degradation experiments were performed under solar irradiation using commercial Degussa P-25, combustion synthesized TiO 2 and acid etched TiO 2 nanobelts. Control experiments were done without any catalyst particles in the bacterial suspension considering it as photolysis. Dark experiments were also conducted using the catalysts in the absence of sunlight. From  Fig. 10 , it is observed that acid etched TiO 2 nanobelts were efficient against degrading the microorganisms. It was reported that the reactive radical species generated by the catalyst was responsible for degrading the bacteria. 50 These hydroxyl radicals would attack the polyunsaturated phospholipid structure that is present in E. coli, which leads to the breakdown of the cell membrane and ultimate death of bacteria. 
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These hydroxyl radicals are capable of damaging the bacterial DNA. 53 Therefore, a large number of hydroxyl radicals generated by acid etched TiO 2 nanobelts could be responsible for its antibacterial activity. The bacterial degradation was very high initially up to 20 min and then decreases. This might be due to aggregation of dead bacterial cells upon live ones which decreases their further degradation. The kinetics of bacterial degradation was determined using power law based kinetics
The reaction rate constant is denoted as ''k'' (CFU ml À1 )(1 À n)/min, the plate count is denoted as ''C'' (CFU ml À1 ) and the order of reaction is denoted as ''n''. Eqn (3) is solved to obtain,
The k and n values are calculated for bacterial degradation using various catalysts. It was shown that the order of the bacterial degradation reaction by TiO 2 can vary between 1.08 and 1.13 based on the choice of irradiation and amount of catalyst loading. 16, 54 However, both the catalyst loading and irradiation were kept constant and the order was calculated accordingly. Fig. 7 shows the non-linear regression analysis of bacterial degradation data, the order of the reaction (n) was determined to be 1.1 for all degradation profiles and the corresponding rate constants were calculated. The rate constant of bacterial degradation using acid etched TiO 2 nanobelts is ((1175 AE 24.4) Â 10
À4
) min
À1
, which is significantly higher than that obtained using Degussa P-25 and combustion synthesized TiO 2 , whose rate constants are ((641.7 AE 4.3) Â 10
À4
) min À1 and ((776.7 AE 34.3) Â 10
) min À1 respectively.
Photocatalytic mechanism.
The charge carrier mechanism of TiO 2 for photocatalysis has been well studied, where electrons and holes are generated upon shining light on the photocatalyst. These charges follow different pathways for producing hydroxyl radicals. However, charge trapping and carrier transportation that happens in the catalyst mostly determine the efficiency of photodegradation of contaminants. 55, 56 Ti
Even though the surface area of acid etched TiO 2 nanobelts is lower than that of combustion synthesized TiO 2 , the photocatalytic activity is very high. Therefore, it can be suggested that the surface area alone cannot be responsible for higher activity but also other parameters like charge separation and crystal structure could be some of the reasons. The aspect ratio of the nano structures determines the effects on charge transport properties. 57 The TiO 2 nanoparticle interface with the nanobelt structure improves the photocatalytic activity for dye degradation. 29 Metal-nanostructure interfaces such as gold nanoparticles on top of ZnO nanorods 57 and gold on TiO 2 nanocomposites 58 have dramatically improved their photocatalytic activity. It has been reported that charge carriers could move along the length of the nanorod and then would efficiently separate at the interface between the nanoparticle and nanostructure. Therefore, based on the morphological aspect, the generated charge carriers of the TiO 2 particles can directly take part in the degradation process. 59 These particles over the acid etched TiO 2 nanobelts can accommodate trapping and separation of charge carriers excited from acid etched TiO 2 nanobelts or at the interface. These particles on top of each belt cause subtle difference in their valence band maxima such that excited charge carriers are easily separated by reducing the e À /h + recombination at their interface. The presence of a large number of defects between etched particles and nanobelt surfaces can also decrease the recombination. The acid etched TiO 2 nanobelts have many voids which are retained by oxidation induced defects. These defects could help in reducing the charge recombination. Facets and phase of the nano structure play a very important role in determining the property of a material. The faceted TiO 2 having an anatase phase exhibits superior photocatalytic activity. 60 There are many reports showing that the combination of anatase and rutile phases of TiO 2 exhibits superior catalytic activity compared to their individual phases. The exposure of the (101) plane of the anatase phase and the anatase to rutile ratio in the acid etched TiO 2 nanobelts is higher than the combustion synthesized TiO 2 . This could be one of the reasons for the higher photocatalytic activity shown by acid etched TiO 2 nanobelts because combinations of anatase and rutile phases of TiO 2 have been proved to show a synergistic effect. 61 The presence of a rutile phase helps in transporting electrons to the anatase conduction band and leaving the holes behind reducing the carrier recombination. The rutile phase also extends the wavelength of light absorption 62, 63 towards the visible region, which is observed in the case of combustion synthesized TiO 2 whose band gap is 67 were mixed into the reactant mixture of methylene blue and catalyst particles and subjected to photocatalytic experiments under sunlight. Fig. 11 shows the photocatalytic response of acid etched TiO 2 nanobelts in the presence of scavengers. Since the band gap of TiO 2 nanobelts lies in the UV region, most of the reactive radicals responsible for catalytic activity are found to be photogenerated holes and hydroxyl radicals. However, it should also be noted that chemisorbed oxygen species on the TiO 2 nanobelts, which is confirmed from XPS analysis, can become superoxide radicals upon combining with photo-excited charge carriers. This is also found by adding benzoquinone which quenches superoxide species, and there is a decrease in the catalytic activity of acid etched TiO 2 nanobelts. 3.2.4. Reusability. The photostability of the catalysts was determined by reusing the catalysts for subsequent photodegradation experiments. The TiO 2 nanobelts and commercial TiO 2 were subjected to degradation of 20 ppm methylene blue under solar irradiation. After each experiment, the catalysts were separated by centrifugation of the reaction mixture and heat treatment at 100 1C for the subsequent cycle. From Fig. 12 , it was found that the photoactivity of commercial TiO 2 has been reduced to 80% in the third cycle and to 60% during the fourth cycle compared to acid etched TiO 2 nanobelts, which have shown 98% and 96% degradation, respectively. Leaching of surfaces during the reaction attributing to loss of active sites and agglomeration of catalyst particles during heat treatment after every cycle could result in decreasing the photoactivity during reuse. However, the catalytic activity of acid etched TiO 2 nanobelts is consistent compared to that of commercial TiO 2 .
Conclusions
The results from these studies demonstrate the utilization of natural sunlight as a source to degrade organic contaminants and inactivate harmful bacteria in the presence of combustion synthesized TiO 2 and acid etched TiO 2 nanobelts. TiO 2 nanoparticles were synthesized by a facile solution combustion technique using ascorbic acid as a fuel. Large surface area, red shift of diffused reflectance spectra and co-existence of both anatase and rutile phases have contributed to the high photocatalytic activity similar to that of commercial TiO 2 . TiO 2 nanobelts were synthesized using combustion synthesized TiO 2 as a novel precursor. Unlike Degussa P-25, combustion synthesized TiO 2 as a precursor resulted in nanobelts with oxidation induced voids. Similarly, acid treatment of nanobelts resulted in the formation of partially etched belts and many small TiO 2 particle islands. The mechanism of formation of nanobelts was proposed. Acid etched TiO 2 nanobelts have shown enhanced photocatalytic activity than pristine combustion synthesized TiO 2 , commercial Degussa P-25 and nanobelts synthesized from commercial TiO 2 for dye and bacterial degradation. The rate constants and order of the photocatalytic reactions were determined. Both dye and bacterial degradation by these catalysts have been ascertained to follow first order rate kinetics. Majority exposure of active planes of the anatase phase, combination of anatase and rutile phases, the aspect ratio of the nanobelt structure and effective charge transport between particle-island and belts have contributed to the enhanced photocatalytic activity. Evaluation of various reactive radical species responsible for high photoactivity was done using scavenger experiments. Formation of a large volume of holes and hydroxyl radical by the acid etched TiO 2 nanobelts upon irradiation using sunlight has caused both organic dyes and bacteria to degrade rapidly. This study suggests that morphological tuning of nanobelts by utilizing various precursors of TiO 2 results in superior catalytic activity, and this can also be utilized as an effective substrate for active enhancement of light absorption by developing hybrid photocatalysts.
